Introduction {#sec1}
============

The novel electronic properties^[@ref1]−[@ref3]^ and mechanical strength^[@ref2],[@ref4]^ of graphene may render this carbon-based nanomaterial integral in future generations of electronics, batteries, sensors, and composites.^[@ref1],[@ref2],[@ref5]−[@ref8]^ Because of the ambipolar nature of graphene,^[@ref2]^ however, lithographic^[@ref9]^ or chemical^[@ref10]^ techniques have been employed to produce graphene nanoribbons, which demonstrate semiconducting properties at room temperature when their widths are less than 10 nm as a result of quantum confinement and edge effects.^[@ref11]−[@ref13]^ The creation of holes in the basal plane of graphene results in an interconnected nanoribbon-like semiconducting nanomaterial; therefore, various techniques have been employed to create nanometer-sized holes on individual sheets of graphene.^[@ref14]−[@ref25]^

Single-walled nanotubes (SWNTs) and graphene, because of their nanometer-scale sizes and unique electronic properties, are considered to be ideal materials for biosensing applications.^[@ref26]−[@ref30]^ SWNT field-effect-transistor (FET) biosensors have been functionalized with antibodies or aptamers for the fast detection of multiple bacterial species,^[@ref31],[@ref32]^ and electrochemical sensors using SWNT-- and graphene--aptamer composites were reported to quickly detect ultralow concentrations of bacteria.^[@ref33],[@ref34]^ Additionally, graphene-based FET devices functionalized with antibodies^[@ref17]^ or antimicrobial peptides (AMPs)^[@ref35]^ have been employed for the electronic detection of *E. coli*. Many of these reports rely on the noncovalent functionalization of either SWNTs or graphene. While this technique has demonstrated the capability of detecting analytes with selectivity and sensitivity, the primary limitation arises when using short peptide chains and molecules less capable of forming van der Waals interactions with the surface of carbon-based nanomaterials. Interactions can be improved by utilizing pyrene- or porphyrin-based conjugates capable of π--π stacking on a graphitic surface, which requires additional chemistry. While covalent attachment of molecules can overcome these issues, this approach requires the introduction of functional groups onto the nanomaterial, thereby reducing the overall efficiency and stability of the device.^[@ref27]^

Results and Discussion {#sec2}
======================

Herein, we utilized a recently developed graphene derivative, holey reduced graphene oxide (hRGO; Figure [1](#fig1){ref-type="fig"}a),^[@ref36]^ which demonstrates p-type semiconductor transfer characteristics and is endowed with an abundance of oxygen-containing groups (especially on the edges of holes),^[@ref37]^ as the transducer element in FET devices as a proof-of-principle for the creation of assay sensors. For this purpose, an AMP, Magainin I (GIGKFLHSAGKFGKAFVGEIMKS),^[@ref38]^ was covalently functionalized to hRGO, yielding a gram-negative specific biosensor that operates by taking advantage of the electrostatic interaction between positively charged Magainin I and anionic lipopolysaccharides.^[@ref39]^ AMPs, which are inherent to many organisms' immune systems, recognize target pathogens by interacting with surface components of microbial cells.^[@ref38],[@ref40],[@ref41]^ While the exact mechanism for their antimicrobial activities remains undetermined, the microbicidal or microbiostatic activity is generally postulated to occur via membrane disruption.^[@ref42]^ To date, AMPs have been successfully employed for the detection of pathogens utilizing impedance sensors^[@ref43]^ and fluorescence assays^[@ref38],[@ref41]^ and are therefore attractive candidates for recognition elements in new sensing platforms or materials.

![(a) TEM image of hRGO. (b) Schematic illustration of an AMP-functionalized hRGO FET for the selective detection of gram-negative bacteria cells.](am-2014-00364f_0001){#fig1}

Figure [1](#fig1){ref-type="fig"}b represents a schematic illustration of an AMP-functionalized hRGO-based FET device for *E. coli* O157:H7 detection. hRGO (Figure [1](#fig1){ref-type="fig"}a) was first synthesized via enzymatic oxidation,^[@ref36]^ in which a sample of graphene oxide was subjected to 8 days of HRP/H~2~O~2~ oxidation in a phosphate buffer (0.1 M, pH 7.0) to produce holey graphene oxide. Next, to reduce the oxidized carbon nanomaterial, a mixture containing 5.0 mL of 0.125 wt % holey graphene oxide, 4.8 mL of nanopure water, 200 μL of hydrazine hydrate (50 wt %), and 35 μL of NH~4~OH (28 wt %) was stirred for 5 min and heated at 95 °C for 1 h. The suspension containing hRGO was subsequently dialyzed against distilled water with 0.5% NH~4~OH to remove the hydrazine. The resulting product consists of graphene flakes with holes of 26.7 ± 12.8 nm diameter and neck widths of 8.9 ± 6.9 nm.^[@ref36]^ Next, the as-synthesized product was diluted in water to 0.01 mg/mL and deposited between interdigitated electrodes (Au/Ti, 100 nm/30 nm, 10 μm spacing) using an alternating-current dielectrophoresis method with a bias voltage of 10 Vpp at 300 kHz for 60 s.^[@ref44]^ The transfer characteristics of bare hRGO devices were then measured in a 1 mM phosphate-buffered saline (PBS) solution after drying for several hours at 120 °C in air.

Functionalization was accomplished by activating carboxylic groups on bare hRGO devices with 1-ethyl-3-\[3-(dimethylamino)propyl\]carbodiimide/*N*-hydroxysuccinimide \[EDC/NHS; 100 and 25 nM, respectively, in a 50 mM 2-(*N*-morpholino)ethanesulfonic acid buffer\] for 30 min.^[@ref45],[@ref46]^ After a thorough rinsing with PBS, activated devices were incubated overnight with AMP (1 μM in PBS), resulting in the formation of amide bonds between Magainin I and activated hRGO, observable as a decrease in the FET device conductance in the p-type region (Figure [2](#fig2){ref-type="fig"}a,b). After incubation with a blocking buffer (BB; 0.1% Tween 20 in PBS) for 1 h, a further decrease in the conductance was detected as a result of Tween occupying nonspecific binding sites on hRGO. Utilization of this BB is important to ensure a good device performance, with the lack of a BB leading to both the allowance of nonspecific interactions and low response, possibly related to the conformation of AMP on the device surface (Figure S1 in the [Supporting Information](#notes-1){ref-type="notes"}, SI). Upon subsequent exposure to heat-killed *E. coli* O157:H7 (10^4^--10^7^ cfu/mL in PBS for 1 h at each concentration, a time sufficient to ensure ample time for cell capture, as evidenced in Figure S2 in the [SI](#notes-1){ref-type="notes"}), the devices demonstrated a further response in the p-type region that was attributed to the specific interaction between the attached AMP and bacterial cells in solution. Presumably, this interaction induces electron transfer with hRGO, which decreases the conductivity of the device by depleting the main carriers (i.e., holes); however, electrostatic gating may also contribute to the observed response, and so the overall mechanism is complex. The limit of detection for this sensor was calculated to be 803 cfu/mL (Figure S3 in the [SI](#notes-1){ref-type="notes"}). As a control experiment, functionalized devices were exposed to gram-positive *Listeria* cells, which do not interact with Magainin I. After incubation with *Listeria* (10^4^--10^7^ cfu/mL in PBS; Figure [2](#fig2){ref-type="fig"}b), the transfer characteristics changed negligibly, comparable to a device treated equally with PBS (Figure [2](#fig2){ref-type="fig"}c and the procedure in the [SI](#notes-1){ref-type="notes"}), thereby indicating minimal to no binding between AMP and the control bacterial cells. Small changes in the local pH and differences in the ionic strength do not have much of an effect on the sensor at −0.5 V~g~ (Figure S4 in the [SI](#notes-1){ref-type="notes"}). Additional experiments involving specific targets (*E. coli* O157:H7 and *Salmonella*, also a gram-negative bacterium specific to Magainin I), and nonspecific targets (bovine serum albumin and *Listeria*), agreed with these results and are summarized in Figure S5 in the [SI](#notes-1){ref-type="notes"}. Upon exposure of bare hRGO devices to 10^7^ cfu/mL *E. coli* or *Listeria*, a significant, nonspecific response was observed (Figure S6 in the [SI](#notes-1){ref-type="notes"}), providing evidence that the prior response (i.e., Figure [2](#fig2){ref-type="fig"}a) resulted from the specific interaction of AMP with bacteria. Unfortunately, because of the strong interaction of AMP with lipopolysaccharides at pH 7.4, the sensors cannot be refreshed and therefore are not reusable.

![Electronic detection of bacteria--AMP interactions. Conductance (*G*) versus gate voltage (*V*~g~) of bare hRGO FET devices, after functionalization with AMP, after incubation with a BB, and after incubation with either (a) 10^4^--10^7^ cfu/mL *E. coli* O157:H7 or (b) 10^4^--10^7^ cfu/mL *Listeria*. The limit of detection was calculated to be 803 cfu/mL. (c) Effect of rinsing on AMP and Tween 20 attachment. The response to rinsing was approximately equivalent to the response from *Listeria*. (d) Relative response at *V*~g~ = −0.5 V to *E. coli* of unfunctionalized (1), noncovalently functionalized (2), and covalently functionalized (3) hrGO devices blocked with a BB. Averaged from four devices; error bars indicate 1 standard deviation.](am-2014-00364f_0002){#fig2}

Additional control experiments were implemented to examine the effect of covalent attachment (Figures [2](#fig2){ref-type="fig"}d and S7 in the [SI](#notes-1){ref-type="notes"}). In the first control, bare hRGO was incubated with a BB and subsequently exposed to 10^7^ cfu/mL *E. coli* O157:H7 (1). In the second control, hRGO devices were first incubated with an AMP solution without EDC/NHS activation, successively incubated with a BB, and finally exposed to 10^7^ cfu/mL *E. coli* (2). The results of these experiments are summarized in Figure [2](#fig2){ref-type="fig"}d, which indicates that devices functionalized covalently with AMP (3) demonstrate a much larger response to *E. coli*. These results suggest that covalent attachment of AMP to hRGO device surfaces is integral for achieving a superior sensor performance versus nonspecific binding and noncovalent functionalization of AMP, respectively.

To visualize the attachment of bacterial cells to the surface of functionalized FET devices after exposure to *E. coli*, fluorescence microscopy, scanning electron microscopy (SEM), and atomic force microscopy (AFM) were performed (imaging details in the [SI](#notes-1){ref-type="notes"}). Bright-field and fluorescence micrographs of propidium iodide (PI)-stained cells provided visual proof that bacterial cells are bound to the device (Figure [3](#fig3){ref-type="fig"}a,b). For SEM imaging, palladium was first sputtered onto the surface of the device to increase contrast. Micrographs (Figure [3](#fig3){ref-type="fig"}c) revealed that rodlike *E. coli* cells were attached to the surface of the functionalized hRGO surface, thereby supplying the measured FET device response. Additionally, the attachment of *E. coli* cells to the surface of AMP-functionalized hRGO was confirmed by AFM (Figure [3](#fig3){ref-type="fig"}d).

![(a) Optical micrograph of a single functionalized device after exposure to 10^7^ cfu/mL *E. coli*. (b) Same device under a red fluorescent protein filter, showing PI-stained cell fluorescing. Scale bar for parts a and b is 50 μm. (c) SEM image of the functionalized device surface after incubation with *E. coli* O157:H7. The scale bar 2 μm (d) AFM image over an area of 5 μm^2^ depicting the attachment of bacteria to the surface of hRGO.](am-2014-00364f_0003){#fig3}

In order to examine the efficiency of hRGO versus other carbon nanomaterials, reduced graphene oxide (RGO), commercially available pristine SWNTs (pSWNTs), and oxidized SWCNTs (oSWNTs) were also employed as the transducer element in FET devices to detect bacteria. Similar to hRGO-based FETs, RGO, pSWNT, and oSWNT FET devices were covalently functionalized with Magainin I. After EDC/NHS coupling, the conductance decreased as before (Figure S6 in the [SI](#notes-1){ref-type="notes"}). Next, incubation with a BB induced a further decrease in the conductance, and after incubation with 10^7^ cfu/mL *E. coli*, there was an additional decrease in the conductance in response to bacterial cells. When compared with hRGO FET devices, however, the mean relative changes in the conductance upon exposure to *E. coli* were significantly lower (Figure [4](#fig4){ref-type="fig"}), despite the higher concentration of SWNTs on the device surface, as seen previously^[@ref47]^. For RGO and pSWNTs, this low response may be attributed to the amount of oxygen functionality (i.e., carboxyl groups) available for coupling. At low concentrations of this functional group, minimal AMP would be bound, which would result in insufficient binding of the bacteria. The low efficiency of oSWNTs, which underperformed all other samples, can be attributed to the availability of the oxygen content as well as the loss of the electronic efficiency from oxidization. According to the manufacturer, oSWNTs contain 1.1 ± 0.1 mol % carboxylic acid groups, as determined by acid--base titration, while pSWNTs did not yield detectable results.^[@ref48]^ X-ray photoelectron spectroscopy and energy-dispersive X-ray analysis of RGO and hRGO samples determined the oxygen content between 4.3--4.5 and 20.5--25.2 atom %, respectively (Figures S7 and S8 in the [SI](#notes-1){ref-type="notes"}), which confirmed that the abundance of oxygen functionalities coupled with the preservation of the electronic properties is directly correlated to the larger response of hRGO to gram-negative bacteria after covalent functionalization with AMP.

![Comparison of the mean normalized responses (*V*~g~ = −0.5 V) of four Magainin I functionalized carbon nanomaterials to 10^7^ cfu/mL *E. coli*. Averaged from four devices; the error bars represent 1 standard deviation.](am-2014-00364f_0004){#fig4}

Conclusion {#sec3}
==========

hRGO affords a rich chemistry that facilitates the functionalization of highly sensitive sensors while retaining the useful electronic properties of similar analogues. By exploiting interactions between Magainin I and gram-negative bacteria and transducing those interactions into conductance changes using hRGO-based FET devices, we have demonstrated a simple and selective methodology for the detection of gram-negative bacteria that outperformed other tested carbon nanomaterials. Because of the preservation of good electronic properties despite the high content of oxygen moieties on hRGO and the relative ease of functionalization, this approach could feasibly be targeted to a broad variety of bacterial species using a library of AMPs in order to elucidate the content of complex biological media through the use of sensor arrays, and future work will be directed toward this application.

Experimental details, imaging information, and elemental analysis. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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